Citrobacter rodentium uses a type III secretion system (T3SS) to induce colonic crypt hyperplasia in mice, thereby gaining an edge during its competition with the gut microbiota through an unknown mechanism. Here, we show that by triggering colonic crypt hyperplasia, the C. rodentium T3SS induced an excessive expansion of undifferentiated Ki67-positive epithelial cells, which increased oxygenation of the mucosal surface and drove an aerobic C. rodentium expansion in the colon. Treatment of mice with the g-secretase inhibitor dibenzazepine to diminish Notch-driven colonic crypt hyperplasia curtailed the fitness advantage conferred by aerobic respiration during C. rodentium infection. We conclude that C. rodentium uses its T3SS to induce histopathological lesions that generate an intestinal microenvironment in which growth of the pathogen is fueled by aerobic respiration.
Citrobacter rodentium uses a type III secretion system (T3SS) to induce colonic crypt hyperplasia in mice, thereby gaining an edge during its competition with the gut microbiota through an unknown mechanism. Here, we show that by triggering colonic crypt hyperplasia, the C. rodentium T3SS induced an excessive expansion of undifferentiated Ki67-positive epithelial cells, which increased oxygenation of the mucosal surface and drove an aerobic C. rodentium expansion in the colon. Treatment of mice with the g-secretase inhibitor dibenzazepine to diminish Notch-driven colonic crypt hyperplasia curtailed the fitness advantage conferred by aerobic respiration during C. rodentium infection. We conclude that C. rodentium uses its T3SS to induce histopathological lesions that generate an intestinal microenvironment in which growth of the pathogen is fueled by aerobic respiration.
A ttaching and effacing (AE) pathogens are defined by virulence characteristics encoded by a pathogenicity island called the locus of enterocyte effacement (LEE) (1, 2), which contains genes encoding a type III secretion system (T3SS) (3) and an adhesin termed intimin (4) . The T3SS injects the intimin receptor Tir into the host cell cytosol (5) , resulting in intimate attachment of bacteria to the effaced epithelial surface (6) . The LEE-encoded T3SS of the AE pathogen C. rodentium injects additional effector proteins that are required for causing transmissible colonic crypt hyperplasia in mice (7, 8) (fig. S1 ). After the development of colonic crypt hyperplasia, C. rodentium blooms in the lumen of the murine large bowel (9) . The LEE-encoded T3SS is required for this rapid luminal expansion possibly by allowing C. rodentium to compete with the microbiota for carbon sources, because the T3SS provides no benefit in germ-free mice (10) . These data suggest that the T3SS places C. rodentium in a microenvironment that somehow provides a growth advantage during its competition with the resident microbiota, but it remains obscure which resources might become available in this niche to fuel pathogen expansion.
Nitrate respiration is dispensable for pathogen growth during inflammation
Electron acceptors, such as nitrate, are produced as a by-product of the inflammatory host response and boost luminal growth of pathogenic Salmonella enterica or commensal Escherichia coli by anaerobic respiration in mouse models of colitis (11) (12) (13) . Because C. rodentium infection triggers colonic crypt hyperplasia, we wanted to determine whether the inflammatory host response would enable the pathogen to grow by anaerobic respiration. The respiratory reductases for nitrate, dimethyl sulfoxide (DMSO), and trimethylamine N-oxide (TMAO), as well as the formate dehydrogenases FdnGHI and FdoGHI, contain a molybdopterin cofactor. Thus, to explore a possible role of anaerobic respiration during C. rodentium growth in the mouse gut, we constructed a C. rodentium mutant lacking a gene required for molybdopterin cofactor biosynthesis (moaA mutant) ( fig.  S2A) (14) . Mice (C57BL/6) were inoculated with an equal mixture of wild-type C. rodentium and an isogenic moaA mutant to compare the fitness of both strains. Mice developed intestinal inflammation as indicated by increased transcript levels of proinflammatory markers in the colonic mucosa ( fig. S3, A and B) . The C. rodentium wild type was recovered in significantly (P < 0.05) higher numbers than the moaA mutant (Fig. 1A) . Similar results were observed with genetically susceptible C3H/HeJ mice that experience more severe intestinal inflammation during C. rodentium infection ( fig. S3, C and D) . In contrast, when germ-free mice were inoculated with an equal mixture of the C. rodentium wild type and a moaA mutant, both strains were recovered in similar numbers (Fig.  1B and fig. S3E ), suggesting that either anaerobic respiration or the utilization of formate provided an edge during competition of the pathogen with the resident microbiota.
C. rodentium infection resulted in a markedly increased colonic expression of Nos2 (fig. S3, B and D), the gene encoding inducible nitric oxide synthase (iNOS), an enzyme necessary for generating nitric oxide, which is converted to nitrate in the intestinal lumen (11) . To determine whether nitrate respiration enhances growth, we constructed a mutant deficient for the three nitrate reductases encoded by C. rodentium (narG napA narZ mutant) ( fig. S2, B and F) . Notably, in mice inoculated with an equal mixture of the C. rodentium wild type and a narG napA narZ mutant, both strains were recovered in equal numbers from colon contents and feces (Fig. 1A  and fig. S3 , C and E), suggesting that nitrate respiration did not provide a fitness advantage.
We next examined the possibility that the phenotype of the moaA mutant was due to an inability to utilize formate as an electron donor rather than nitrate as an electron acceptor. Because formate dehydrogenases FdnGHI and FdoGHI can couple electron transfer from formate through the quinone pool to nitrate (15) or oxygen (16) , respectively, we envisioned that analysis of this pathway would provide indirect information about the electron acceptor used by C. rodentium in the gut. To test whether the nitrate-dependent and/or the oxygen-dependent formate dehydrogenase contributed to growth of C. rodentium during colitis, we inoculated mice with an equal mixture of the C. rodentium wild type and either an fdnG mutant or fdoG mutant ( fig. S2 , C and D). Consistent with our observation that nitrate respiration did not contribute to fitness (Fig. 1A) , inactivation of the nitrate-dependent fdnG did not reduce growth of C. rodentium (Fig. 1B) . However, inactivation of the oxygen-dependent fdoG reduced fitness of C. rodentium in conventional (C57BL/6) mice (P < 0.05), whereas little benefit was observed in germfree (Swiss Webster) mice (Fig. 1B and fig. S3E ). The finding that fdoG was required for pathogen expansion was intriguing, because it suggested that C. rodentium might utilize oxygen as a terminal electron acceptor during luminal growth.
Aerobic respiration drives a luminal pathogen expansion
To test the hypothesis that aerobic respiration fuels C. rodentium growth during infection, we deleted the C. rodentium cydAB genes ( fig. S2E ), which encode a high-affinity cytochrome bd oxidase required for aerobic respiration in microaerobic environments. In vitro, the C. rodentium wild type was recovered in higher numbers than the cydAB mutant when both strains were cocultured under conditions mimicking hypoxia (1% O 2 ) or normal tissue oxygenation (4 or 8% O 2 ), but not under anaerobic conditions (0% O 2 ) or at atmospheric oxygen levels (21% O 2 ) (Fig. 1C) . Next, we compared the fitness of the C. rodentium wild type and a cydAB mutant by infecting C57BL/ 6 mice with a 1:1 mixture of both strains. Notably, the C. rodentium wild type was recovered in 20,000-fold higher numbers (P < 0.01) than the cydAB mutant from colon contents 7 days after infection ( Fig. 1D) , suggesting that aerobic respiration contributed to growth of the pathogen. Expression of ler, encoding the master regulator of T3SS synthesis, was reduced in the cydAB mutant, but this difference did not reach statistical significance ( fig. S4A ). When infection with a 1:1 mixture of the C. rodentium wild type and a cydAB mutant was repeated in germ-free (Swiss Webster) mice, the fitness advantage provided by cydAB was greatly reduced (Fig. 1D) . Collectively, these data suggested that aerobic respiration drove an uncontrolled luminal expansion of C. rodentium in an environment occupied by the gut microbiota.
To test whether tissue-and mucus-associated bacteria have a respiratory metabolism compared to luminal bacteria, we investigated transcription of the sucA gene, which encodes a subunit of 2-ketoglutarate dehydrogenase, an enzyme required for the aerobic tricarboxylic acid (TCA) cycle. Under anaerobic conditions, SucA is no longer required as the normally cyclic TCA pathway switches to a noncyclic series of reactions. Higher expression of sucA under aerobic than anaerobic conditions can serve as an indicator for a respiratory central metabolism (17) . C. rodentium sucA was transcribed at significantly (P < 0.05) higher levels when bacteria were cultured in vitro under microaerobic conditions compared to anaerobic conditions ( Fig. 1E and fig. S4B ). To investigate sucA expression in vivo, we isolated RNA from mucus scrapings or colon contents of mice infected with C. rodentium. C. rodentium residing in close proximity to tissue (i.e., mucus scrapings) transcribed sucA at significantly (P < 0.05) higher levels than bacteria located in colon contents ( Fig. 1F and fig. S4C ). These results provided further support for the idea that bacteria in close proximity to the mucosal surface had an oxidative metabolism in vivo.
Intestinal inflammation caused by Salmonella enterica drives a depletion of Clostridia, which in turn increases epithelial oxygenation (18) . We thus wanted to determine whether C. rodentiuminduced colonic crypt hyperplasia would increase oxygen availability in the gut by driving a depletion of Clostridia. The numbers of C. rodentium recovered from colon contents of mice infected with the C. rodentium wild type were 1000-fold higher (P < 0.05) than those recovered from colon contents of mice infected with a cydAB mutant (Fig. 1G ), which correlated with reduced colonic inflammation (P < 0.05) (Fig. 1H and fig. S5 ). Consistent with a previous report (9) , infection of mice with the C. rodentium wild type resulted in a shift in the microbial community structure (Fig. 1I and fig. S6 ). The absolute abundances of members of the Enterobacteriaceae ( fig. S7A) and Erythrobacteraceae (fig. S7B) were significantly (P < 0.05) increased in mice infected with the C. rodentium wild type, a shift in the community structure previously associated with increased oxygen availability in the gut (19) . However, infection with the C. rodentium wild type resulted in an increased (P < 0.05) abundance of Clostridia (Fig. 1I) , which was most pronounced for members of the Lachnospiraceae belonging to the genus Dorea ( fig. S7C ) and the genus Coprococcus ( fig. S7D ). These changes in the microbial population profile were reduced or absent in mice infected with a cydAB mutant (Fig. 1I and figs. S6 and S7). In conclusion, our data were not consistent with the hypothesis that colonic crypt hyperplasia increased oxygen availability by depleting Clostridia.
T3SS-mediated niche construction
C. rodentium attaches to murine colonic epithelial cells (colonocytes) using a type IV pilus encoded by the cfc operon (20) . To test whether this adhesin contributed to establishing a niche in which the pathogen could grow by CydAB-mediated respiration, we constructed a cfcH mutant ( fig. S1F ). Genetic ablation of type IV pilus biosynthesis did not change the CydAB-dependent growth advantage 7 days after infection of mice ( Fig. 2A and  fig. S8A ), possibly because a cfcH mutant still occupied a niche near the epithelium ( fig. S8B) .
C. rodentium intimately attaches to colonocytes in a T3SS-dependent fashion using intimin. To test whether the T3SS and intimin contributed to CydAB-dependent growth, we constructed mutations in escN, encoding a component of the T3SS, and eae, the gene encoding intimin ( fig.  S1G and S1H) . The fitness advantage conferred by CydAB-dependent respiration 7 days after infection was significantly reduced in C. rodentium strains lacking eae or escN ( Fig. 2A and fig. S8A ), suggesting that in the absence of intimate attachment or a functional T3SS, oxygen respiration no longer conferred a marked fitness advantage. However, at 3 days after infection, when intestinal inflammation was just beginning to develop ( fig. S8, C and D) , inactivation of escN did not significantly reduce the fitness advantage conferred by the cydAB genes ( fig. S8E ). Because the escN mutation did not reduce the fitness advantage conferred by the cydAB genes in the absence of overt crypt hyperplasia (i.e., at 3 days after infection), we considered the possibility that enhanced access to oxygen might not depend on intimate attachment, but might require T3SS-mediated host responses.
Colonocytes mature as they migrate from the bottom of the crypt to the luminal surface. The mature surface colonocyte population functions in water absorption, which is driven by electrolyte transport (21) . To energize absorption of electrolytes, mature colonocytes respire butyrate in their mitochondria (22) , a process consuming oxygen and rendering the mucosal surface hypoxic (< 7.6 mmHg pO 2 or < 1% O 2 ) (23, 24) (fig.   S1 ). To investigate whether T3SS-induced colonic crypt hyperplasia, which developed by seven days after infection ( fig. S9A and S9B) , would alter epithelial oxygenation in vivo, we visualized the "physiologic hypoxia" of surface colonocytes using the exogenous hypoxic marker pimonidazole (25) (Fig. 2B) . Notably, a lack of hypoxia staining at the mucosal surface suggested that infection with the C. rodentium wild type significantly (P < 0.05) reduced epithelial hypoxia by 7 days after infection (Fig. 2, B and C, and fig. S10 ), indicative of a marked increase in epithelial oxygenation. This increased epithelial oxygenation was T3SS-dependent, because it was not observed in mice infected with the escN mutant ( Fig. 2B and 2C) , which did not develop inflammation in the colon (fig. S8 ).
T3SS-induced colonic crypt hyperplasia is characterized by an excessive intestinal epithelial repair response [reviewed in (26) ]. To further investigate the mechanism by which the T3SS increases epithelial oxygenation, we deleted the map, cesF, and espH genes to reduce damage to colonocytes ( fig. S2H ). Map and EspH are T3SS effector proteins that damage mitochondria (which might impair respiration of butyrate) or activate caspase-3 to induce cytotoxicity, respectively (27, 28) , whereas the cesF gene encodes a chaperone for the mitochondria-associated T3SS effector EspF (29) . Deletion of the map, cesF, and espH genes significantly (P < 0.05) reduced the fitness advantage conferred by CydAB-dependent respiration 7 days after infection of mice ( Fig. 2A) , but it was not clear whether this was simply due to an overall lower level of colonization ( fig. S8A ). When mice were infected with either the C. rodentium wild type or an espH cesF map mutant, both strains were detected in association with the mucosal surface, although the espH cesF map mutant appeared impaired for colonization ( fig. S11A ) and the C. rodentium wild type was recovered in higher numbers than a espH cesF map mutant from colon contents 7 days after infection (Fig. 3A) . Only infection with the C. rodentium wild type significantly reduced epithelial hypoxia, while the colonic surface remained hypoxic in mice infected with a espH cesF map mutant ( fig. S11, B and C) .
Whereas mature colonocytes at the luminal surface respire butyrate, undifferentiated colonocytes in the crypts exhibit the Warburg metabolism of dividing cells, which is characterized by fermenting glucose to lactate (30) . C. rodentium infection induces epithelial regeneration and repair mechanisms, which drives a marked expansion of undifferentiated colonocytes, resulting in crypt elongation and the presence of undifferentiated colonocytes at the luminal surface (31, 32) ( fig. S1 ). Because the Warburg metabolism does not consume oxygen, we wanted to determine whether reduced hypoxia of surface colonocytes observed during C. rodentium infection (Fig. 2,  B and C, and fig. S11 , B and C) was due to an accumulation of undifferentiated colonocytes at the luminal surface. Infection with a espH cesF map mutant triggered significantly (P < 0.05) less mitotic divisions in the colonic epithelium than infection with wild-type C. rodentium ( fig. S8C) White bars indicate the level of background staining observed in mice that were not injected with PMDZ. Bars represent geometric mean ± SE. **P < 0.01; *P < 0.05; ns, not statistically significantly different; wt, DBS100; cydAB, CAL247; cfcH, BMM12; cfcH cydAB, BMM11; eae, CAL290; eae cydAB, CAL291; escN, CAL286; escN cydAB, CAL287; espH cesF map, BMM30; espH cesF map cydAB, BMM40.
suggesting that deletion of the espH, cesF, and map genes might reduce crypt hyperplasia. To test this idea, we stained colonic sections from mock-infected mice or mice infected with the C. rodentium wild type or an espH cesF map mutant with Ki67, a cellular marker for proliferation. Infection with the C. rodentium wild type induced a marked expansion of Ki67-positive colonocytes, resulting in crypt elongation, a thickening of the colonic mucosa, and an accumulation of Ki67-positive colonocytes along the length of the crypt and at the luminal surface (Fig. 3, B and C) . This host response was blunted in mice infected with a C. rodentium espH cesF map mutant (Fig. 3 , B and C), which correlated with increased epithelial hypoxia (fig. S11, B and C) .
Colonic crypt hyperplasia drives aerobic pathogen expansion
We next wanted to determine whether colonic crypt hyperplasia was a driver of CydAB-dependent pathogen expansion. To this end, mice were mock infected or infected with a 1:1 mixture of the C. rodentium wild type and cydAB mutant and then treated with dibenzazepine (DBZ) or with vehicle control. DBZ is a Notch and Wnt (wingless-related integration site) signaling pathway inhibitor that prevents colonic crypt hyperplasia during C. rodentium infection (31) . Ki67 staining suggested that mice infected with the C. rodentium strain mixture developed colonic crypt hyperplasia, which was significantly (P < 0.05) blunted by DBZ treatment (Fig. 3, D and E) , although DBZ treatment did not reduce the severity of other histopathological changes ( fig. S12, A and B) . Notably, inhibition of colonic crypt hyperplasia by DBZ treatment abrogated the fitness advantage conferred by the cydAB genes (Fig. 3F) , suggesting that crypt hyperplasia was a main driver of aerobic pathogen expansion.
Our finding that the LEE-encoded T3SS provides C. rodentium access to oxygen in vivo helps explain why the mechanism by which this trademark virulence factor confers a benefit to AE pathogens has not been apparent from in vitro studies (33, 34) , because such experiments are commonly performed in a 95% air (79% N 2 /21% O 2 ) atmosphere, supplemented by 5% CO 2 , thus providing 19.95% O 2 (150 mmHg). This oxygenation is considerably higher than normal tissue oxygenation (23 to 70 mmHg or 3 to 10% O 2 ) (35) or oxygenation of colonocytes in vivo (< 7.6 mmHg or < 1% O 2 ) (23, 24) . Although oxygen emanating from the mucosal surface is a very limited resource in the lumen of the large intestine (36), epithelial oxygenation was markedly elevated during T3SS-induced colonic crypt hyperplasia. As a result, T3SS-induced colonic crypt hyperplasia drove growth of C. rodentium through CydAB-mediated aerobic respiration, presumably because a respiratory metabolism enables the pathogen to utilize carbon sources more effectively than competing microbes that rely on fermentation for growth. In conclusion, our results revealed how histopathological changes triggered by a trademark virulence factor of AE pathogens create a unique nutrient niche to fuel an uncontrolled luminal expansion of C. rodentium. Exotic phases of matter can emerge from strong correlations in quantum many-body systems. Quantum gas microscopy affords the opportunity to study these correlations with unprecedented detail. Here, we report site-resolved observations of antiferromagnetic correlations in a two-dimensional, Hubbard-regime optical lattice and demonstrate the ability to measure the spin-correlation function over any distance. We measure the in situ distributions of the particle density and magnetic correlations, extract thermodynamic quantities from comparisons to theory, and observe statistically significant correlations over three lattice sites. The temperatures that we reach approach the limits of available numerical simulations. The direct access to many-body physics at the single-particle level demonstrated by our results will further our understanding of how the interplay of motion and magnetism gives rise to new states of matter.
Q uantum many-body systems exhibiting magnetic correlations underlie a wide variety of phenomena. High-temperature superconductivity, for example, can arise from the correlated motion of holes in an antiferromagnetic (AFM) Mott insulator (1, 2) . It is possible to probe physical analogs of such systems using ultracold atoms in lattices, which introduce a degree of control that is not available in conventional solid-state systems (3, 4) . Recent experiments exploring the Hubbard model with cold atoms are accessing temperatures where AFM correlations form but have only observed these correlations via measurements that were averages over inhomogeneous systems (5, 6) . The recent development of site-resolved imaging for fermionic quantum gases (7-13) provides the ability to directly detect the correlations and fluctuations present in a fermionic quantum many-body state. As demonstrated in experiments with both bosons (14, 15) and fermions (12, 13, 16) , microscopy gives access to the spatial variation in observables that occurs in an inhomogeneous system, yielding precise comparisons with theory. The low energy scales in cold-atom systems also allow for timeresolved observations of many-body dynamics, which typically occur on millisecond time scales. In bosonic systems, temporal and spatial resolution have been combined to observe strongly correlated quantum walks (17) , to measure entanglement entropy (18) , and to study the dynamics of magnetic correlations (19, 20) .
Here, we report trap-resolved observations of magnetic correlations in a Fermi-lattice system. Fermionic atoms in a two-dimensional (2D) optical lattice can be well described by the Hubbard Hamiltonian, a simple model in which there is a competition between the nearest-neighbor tunneling energy t and the on-site interaction energy U. Despite the apparent simplicity of the Hubbard model, it has a rich phase diagram, containing, for example, the transition from a metal to a Mott insulator. AFM spin correlations begin to appear near half-filling when the temperature scale becomes comparable to the exchange energy, which in the strongly interacting regime is J ¼ 4t 2 =U . In the thermodynamic limit, what happens as the temperature is lowered further depends on the dimensionality of the system: In three dimensions, there is a finite-temperature phase transition to a state with long-range AFM order, whereas in two dimensions, such an order is prohibited by the Mermin-Wagner-Hohenberg theorem (21) . Nonetheless, AFM correlations do arise, decaying exponentially with a correlation length x that diverges as the temperature goes to zero as x ≃ expða J=T Þ, where a is of order unity (22) . We use quantum gas microscopy to reveal precisely these correlations, which for our finitesize 2D system are expected to lead to long-range order at a finite temperature, where x becomes comparable to the system size.
Our experiments begin with a low-temperature, 2D gas of fermionic 6 Li atoms in a mixture of the two lowest hyperfine states (j↑i and j↓i), as described in (12) . By adjusting a magnetic bias field in the vicinity of the Feshbach resonance located at 832G, we set the s-wave scattering length to 210a 0 , where a 0 is the Bohr radius (23) . Using a 30-ms linear ramp, the atoms are adiabatically loaded into an isotropic, square optical lattice with a depth of s 0 ¼ 7:7ð5ÞE r , where the recoil energy is E r =h ¼ 25:6kHz with Planck constant h. We detect magnetic correlations by removing atoms in either spin state and measuring the resulting charge correlations with site-resolved imaging (24) , as shown in Fig. 1 . Because our imaging technique removes doubly occupied sites, both doubly occupied and unoccupied sites show up as empty sites after imaging. However, proper linear combinations of the different particle and
